Yeast transcription co-activator Sub1 and its human homolog PC4 preferentially bind to G-quadruplex DNA 
Using a G-quadruplex bait, we identified the transcription coactivator Sub1 as a G-quadruplex binding protein by quantitative LC-MS/MS and demonstrated in vivo Gquadruplex binding by ChIP.
In vitro, Sub1, and its human homolog PC4, bind preferentially to G-quadruplexes. This provides a possible mechanism by which G-quadruplexes can influence gene transcription.
G-quadruplexes (G4) are highly stable four-stranded nucleic acid structures, consisting of stacked planar guanine tetrads held together through Hoogsteen hydrogen bonds 1, 2 . G4 structures are known to be stabilized by large monovalent cations, preferably potassium 3 . G4-DNA structures were recently detected in cells 4, 5 . Computational analysis showed that G4-DNA sequences are predominantly located within telomeric regions and promoter regions (within 1kb upstream of the transcription start site, TSS) 6, 7 , indicating strongly that G4 structures have roles in the regulation of gene expression. Recently, several proteins have been found to bind tightly to G4-DNA including the Pif1 helicase 8 , human helicases XPB and XPD 9 , and RNA helicase RHAU 10 . Nucleolin 11, 12 and SP1 13 bind to G4-DNA and may regulate transcription from specific genes. Genome-wide regulation of transcription by G4DNA is supported by transcription profiling in the presence of G4DNA binding ligands 14, 15, 16 . Herein, we report that the yeast multifunctional, chromatin associated protein Sub1, and its human homolog PC4 17 preferentially bind to G4-DNA.
We performed affinity purification from sonicated Saccharomyces cerevisiae whole cell lysate by using a G4-DNA sequence conjugated to biotin and bound to streptavidin Dynabeads (Figure 1a, 1b) . For comparison, we used an oligonucleotide composed of 15 thymidine residues (ssDNA). The isolated proteins were separated by SDS-PAGE followed by mass spectrometric analysis. Spectral-count comparative proteomics 18 was applied to establish the level of significance and enrichment of each protein between two sets of affinity purified samples. Figure 1c shows a representative MS/MS spectrum of a peptide originating from the sample isolated by the G4-DNA pull-down. With peptide sequence coverage of 52% (Table S1 in ESI †), we identified the yeast transcription co-activator Sub1 as one of the major G4-DNA binding proteins. Selectivity of Sub1 for G4-DNA was supported by 24 ± 2 spectral counts in the G4-DNA affinity purified samples compared to zero spectral counts in each of the ssDNA affinity purified samples ( Figure 1d ). In addition, we identified G4p1 (also named as Arc1p) as a G4-DNA binding protein (Table S2 in ESI †). G4p1/Arc1p has been reported previously to have affinity for G4 nucleic acids 19 , demonstrating the reliability of our approach. Next, we over-expressed and purified recombinant Sub1 protein from E. coli, and studied its binding affinity to different conformations of DNA (Figure 2a, 2b) . Sub1 binds to G4-DNA very tightly with a dissociation constant (Kd ) value of 0.38 ± 0.02 nM for the winged G4-DNA, and 0.48 ± 0.05 nM for the tailed G4-DNA (Figure 2c ). Binding to G4-DNA is around 20-fold tighter than binding to the ssDNA (Kd value of 8.8 ± 1.3 nM), and 40 fold tighter than its binding affinity for the tailed duplex DNA (Kd value of 16.6 ± 3.0 nM). These results demonstrate that Sub1 preferentially binds to G4-DNA in vitro.
Sub1 is a suppressor of TFIIB mutations 20 , and has strong homology to the human multifunctional transcription positive coactivator 4 (PC4) 21, 22 . We overexpressed and purified recombinant PC4 protein from E. coli, and studied its binding to different forms of DNA (Figure 2a, 2d) . We found that PC4 binds to G4-DNA with lownanomolar affinity (Kd value of 2.1 ± 0.4 nM for the winged G4-DNA, and Kd value of 1.4 ± 0.3 nM for the tailed G4-DNA), which is about 5-9 fold tighter than its binding to the ssDNA (Kd value of 12.3 ± 1.7 nM), and 8-12 fold tighter than its binding to the tailed duplex DNA (Kd value of 16.8 ± 2.8 nM). These results demonstrate that PC4, like Sub1, binds to G4-DNA preferentially over ssDNA and duplex DNA in vitro.
We then tested whether the binding of Sub1 unwinds a G4-DNA substrate, by monitoring the FRET in a 3'Cy3-5'Cy5 tailed G4 DNA substrate (Figure 3a) . As reported previously, the G4-DNA structure can be disrupted by a complementary oligonucleotide 23 , observed by the decrease in FRET upon the addition of the complementary oligonucleotide (Figure 3b ). No change in FRET was observed with a non-complementary oligonucleotide or Sub1 (Figure  3b) , indicating that the G4-DNA remains stable upon Sub1 binding, even with an extended incubation time (Figure 3c ). This demonstrates that binding of Sub1 to G4-DNA does not destabilize the quadruplex.
Sub1 interacts with RNA polymerase II 24, 25 and III 26 and plays an essential regulatory role in transcription initiation, elongation, and mRNA 3'-end formation 24, 27, 28 . We therefore tested whether Sub1 can bind to a G4 region on chromosomal DNA in vivo. Examination of the genome-wide localization data for Sub1 26 suggests that the protein does not localize exclusively to G4-forming sequences, consistent with its tight binding to ssDNA and dsDNA. However, we identified several Sub1 binding loci that contain predicted G4-forming sequences 15 . One such region is the YDR544C locus near the telomeric region in the yeast Chromosome IV (Figure  4a that Sub1 preferentially binds to this region in vivo. A synthetic oligonucleotide identical to the sequence of this region (Figure 4a ) was found to form a G4 DNA structure in vitro in the presence of KCl (Figure 4d ). These results suggest that Sub1 can bind to endogenous G-quadruplexes in vivo.
In conclusion, we have shown that yeast Sub1 and its human homolog PC4 preferentially bind to G4 DNA in vitro. Binding of Sub1 to G4 DNA does not destabilize the G4 DNA structure. By using a targeted genome localization experiment, we also demonstrated that Sub1 can bind to a G4 DNA sequence in vivo. Both Sub1 and PC4 are global modulators of RNA polymerase II and III transcription with important roles in transcription initiation, elongation and termination 17 . In addition, each protein is highly abundant and multifunctional with proposed roles in DNA repair 29 , replication 30 , and chromatin condensation 31 . By defining G-quadruplexes as key genomic targets of these factors, our data provides a protein-based mechanism by which G4-DNA structures can broadly influence regulation of gene transcription and other DNA metabolic processes. This work was supported by grants from the National Institutes of Health (R01 GM098922), and the UAMS Research Council. Core facilities were supported in part by National Institutes of Health grants (R01 GM106024, P30 GM103450, P20 GM103429, and UL1TR000039). We thank Dr. Sebastiaan Werten for the pET11a-PC4 plasmid, Dr. Galina Grazko and Dr. Christine Conesa for helpful discussions regarding the genome-wide binding data for Sub1, Dr. Amit Ketkar and Dr. Stephanie Byrum for technical consultation. The oligonucleotide from panel a folds into G-quadruplex structures in vitro in the presence of KCl. The peaks at both 260 nm and 290 nm suggest that either a mixture of parallel and antiparallel G4 forms or the structure is a hybrid G4 conformation.
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